An influence of high temperature annealing process (before crystallization) on the atomic structure of two different as-prepared ribbon Cu-Zr-Ti metallic glasses (Cu 60 Zr 20 Ti 20 and   Cu 55 Zr 16 Ti 29 , at. %) was experimentally studied by means of differential scanning calorimetry and in situ hard X-ray diffraction. Results of our experiments prove different atomic structure and behaviour of the glasses upon the annealing. Special emphasis is placed on the thermally activated effects which precede the crystallization. During the annealing, both glasses initially show with elevated temperature continuous short and middle range order thermal expansion and an overall decline of the atomic structure ordering. But above a temperature, which can be slightly different for every mean atomic neighbour (or every atomic coordination shell), one can observe a change in behaviour of the glasses: the glasses modify the thermal expansion rate of most of the mean atomic neighbours' distances and show a tendency to increase the degree of ordering of the atomic structure. Both these effects are more pronounced for Cu 55 
Introduction
Metallic glasses based on Cu are today extensively used for various applications due to their high corrosion resistance and extraordinary high strength coupled with great ductility at room temperature (up to 18 %) [1] . Great ductility, which is uncommon for the vast majority of metallic glasses, predetermines Cu-based glasses for applications where deformation can be converted into measurable units such as fluid flow rate or electric signals and in this way they can be applied for different kinds of construction materials or sensors. High potential is shown especially by ternary Cu-Zr-Ti glassy alloys, which exhibit extraordinary mechanical properties:
tensile fracture strength of approximately 2100 MPa and a compressive plastic strain in the range of 0.8-1.7 %. These amorphous alloys show also minimal corrosion rates in various environments [2, 3] . Many investigations on Cu-Zr-Ti glassy alloys have been done so far, in particular on alloys with high Cu content. Pauly et al. [4] have focused on the phase formation and the thermal stability of Cu 50 Zr 50-x Ti x (0≤x≤10) systems. Louzguine and Inoue [5] have proved that metastable Cu-Zr-Ti cubic phases primarily precipitate in Cu 60 Zr 30 Ti 10 and that the metallic glass crystallizes with low energy barrier for nucleation. Kasai et al. [6] have studied structure and crystallization of rapidly quenched Cu 60 Zr 30 Ti 10 alloy containing nanocrystalline particles and it has been demonstrated that the Cu element enriched nanocrystalline phases of the cubic structure are observed in the glassy matrix. The kinetics of an amorphous-to-Cu 51 Zr 14 phase transformation in an as-cast Cu 60 Ti 20 Zr 20 rod has been investigated by differential scanning calorimetry [7] .
Concustell et al. [8] have analysed microstructural evolution during decomposition and crystallization of the Cu 60 Zr 20 Ti 20 amorphous alloy and among all else they have discovered, that the alloy exhibits two exothermic crystallization stages resulting in two different hexagonal crystalline phases. Composition design and mechanical properties of ternary Cu-Zr-Ti bulk metallic glasses (BMGs) have been studied by Pan et al. [9] ; the results show that the designed alloys possess good glass forming ability and excellent mechanical properties. Formation of BMGs in the Cu-rich Cu-Zr-Ti ternary system has been researched by Wang et al. [10] ; the BMGs on each composition line manifest decreased thermal stabilities and glass forming abilities with increasing Ti content. Dai et al. [11] by Naoi et al. [15] and its dealloying behavior has been analysed under free corrosion conditions [16] resulting in the idea, that dealloying metallic glasses may be a possible candidate for developing nanostructured metals. Moreover, Basu et al. [17] have shown that Miedema's approach has been useful in determining the glass forming composition range for a particular alloy system (including the Cu-Zr-Ti system). But until today, nobody has reported how the atomic structure of this particular ternary amorphous system changes upon annealing. And this is exactly goal of our work.
By classical statistical mechanics, the atomic structure of metallic glasses can be described in reciprocal space by means of the structure factor and in real space by the reduced pair distribution function or the pair distribution function reflecting pairwise interatomic interactions of the constituent atoms. Unlike in crystalline solid metals, where the long range order is determined by periodic assembling of the unit cells, metallic glasses exhibit only the short and middle range order.
In this article we present modifications of the atomic structure of Cu 60 Zr 20 Ti 20 and Cu 55 Zr 16 Ti 29 (at. %) metallic glass upon annealing at high temperature. Our study is based on analysis of the reduced pair distribution function G(r) obtained from X-ray diffraction patterns taken at different, gradually increased temperature (in situ type of experiment). Since there are many studies devoted to the crystallization of Cu-Zr-Ti ternary alloys, we restrict ourselves in this paper to the atomic structure in the temperature region starting from room temperature and ending near the first crystallization. We believe that the comparative investigation of the two different metallic glasses by in situ hard X-ray diffraction (XRD) contributes to better understanding of ternary glasses based on Cu, Zr and Ti. In order to reveal small structure modifications of the highly disordered systems we have decided to perform our experiments at the highly intense X-ray source (DORIS III synchrotron radiation source) located at DESY in Hamburg, Germany. Measurements performed with high intensity and high energy X-ray photons allow irradiating relatively large volume of samples (several mm 3 ) and enable the collecting of in situ high quality two-dimensional (2D) XRD patterns in sub-minute time resolution as well. A differential scanning calorimeter (Perkin Elmer DSC 8000) was used to detect thermally induced phase transitions of the glasses at a heating rate of 10 K min [19] . By this setup we were able to collect high quality 2D XRD patterns up to the magnitude of the scattering vector
Materials and methods
, where θ is half of the scattering angle and λ is X-ray wavelength. Q max also determines resolution in real space to be ∆r=π/Q max =0.1745 Å [20] . resistive heater furnace with a maximal operating temperature of 873 K and thermal stability better than 1 K [21] . The temperature in the samples' vicinity was measured by a thermocouple.
The samples were heated up from room temperature up to their crystallization point by 10 K min -1 heating rate. After reaching the required temperature, the glasses were illuminated by the X-ray beam for 20 s and 2D XRD patterns were recorded by the detector. Additionally, a time of about 15 s was needed for data transfer from the detector to a computer, to relax the detector and to stabilize the temperature.
The measured 2D patterns of XRD intensity were radially integrated from 2D space to 1D space (I(Q), intensity vs. Q) by using the fit2D software [22] . The total structure factors S(Q)'s were derived from I(Q)'s by application of standard methods, as described e.g. in [23, 24, 25, 26] , where the I(Q) patterns were corrected for amount of the scattering sample/time of a measurement/time decay of the positron current in the positron storage ring DORIS III (all these factors can be represented by one single scale factor), scattering power of the constituent elements (X-ray atom form factor of Cu, Zr and Ti), polarization of the incident primary X-ray beam, absorption of the sample, multiple scattering (second order), Laue diffuse scattering,
Compton inelastic scattering, isotropic fluorescence (assumed to be constant in the entire Q range), background and capillary signal. S(Q)'s from the measured I(Q)'s were done using the PDFgetX2 software [27] . To normalize the measured data on an absolute scale, we applied the so-called high Q method.
The total structure factor S(Q) was calculated from I e (Q), i.e. the elastically scattered X-ray signal by using Faber-Ziman formalism [28] 
where c i and f i (Q) are the atomic concentration and the X-ray atom form factor of the atomic species of type i (i = Cu, Zr or Ti), respectively. S(Q) can be written in the form
where S ij (Q) represents the partial structure factor and w ij is the weight of i-j pair, calculated as follows:
The reduced pair distribution function, G(r), was obtained by a Fourier sine transform of S(Q) [25, 26] [
where ρ(r) and ρ 0 are the pair density function and the average number density, respectively, g(r)
is the pair distribution function and r is the radial distance from the centre of an atom in the sample.
Results and discussion

Differential scanning calorimetry and EDX analysis
By applying differential scanning calorimetry (DSC) we determined the glass transition temperature T g and the onset temperature T xo of the first crystallization for the investigated glassy alloys ( Fig. 1 . The most evident differences between S(Q)'s are: position and amplitude of the first S(Q) peak maximum (the inset in Fig. 2 ), pre-peak visible at ~ 1. . But both S(Q) courses are very similar, indicating also very similar atomic structure of these alloys. During the annealing we obtained a series of relatively similar S(Q) patterns to those measured at 303 K. However, with increased temperature the position of the first peak maximum for the two glasses moves to the left -towards lower Q values (the glasses thermally expand) and its amplitude decreases as a consequence of increased atomic thermal motion. In order to quantify temperature influence on the first peak maximum position (P T ) and amplitude (A T ) we analysed relative changes of these parameters; the parameters were normalized to the values (P 303 , A 303 ) measured near room temperature (303 K) by taking them as reference or normalization constants.
The results are shown in Fig. 3 . (Fig. 2) characterizes the middle range order [29] . The pre-peak tends to move with temperature towards lower Q. Its amplitude initially considerably decreases but above 623 K the amplitude rises up to T xo ; the pre-peak shows behaviour similar to the first S(Q) peak. The physical origin of a pre-peak is generally assigned to a compound forming behaviour (relative to the strong chemical bonds causing intermetallic compounds formation) [30] or it can be assigned to a cluster structure formed from different atoms [31] .
Similar to the first S(Q) peak, the second and the following S(Q) peaks modify their position and amplitude in accordance with modification of the structure of the glasses.
Our observations in reciprocal space can be summarized in the following way: the glassy alloys start to relax their atomic structure far below T g (approximately 100 K below T g ). Their atomic structure tends to increase its ordering with temperature, but the glasses are still amorphous at least in the long range order. The ordering tendency is more pronounced in the case of Cu 55 Zr 16 Ti 29 which possesses higher atomic mobility compared to Cu 60 Zr 20 Ti 20 .
Real space analysis
In order to analyse structural changes of the metallic glasses in more depth and in a more was drawn according to [33] . According to the precedent real space analysis it can be summarized, that the glasses exhibit a change of their behaviour upon elevated temperature (especially growth of the degree of ordering their atomic structure); the change was not detected by DSC. The temperatures corresponding to the change in the alloys' behaviour reflect a beginning of the thermally activated structural relaxation of the investigated amorphous glassy systems. Generally, the mechanism(s) by which structural relaxation occurs in glasses is through the annihilation of defects or free volume, or recombination of the defects of opposing character, or by changes in both topological and compositional short range order [34] .
In Fig. 8 we summarized the influence of the annealing on the atomic structure of the metallic glasses near the crystallization (near T xo ) for the I. -VIII. mean atomic neighbour (or the atomic coordination shell; r up to 20 Å). As it is clear from the figure, all mean atomic neighbours shift towards longer distances and generally larger thermal expansion (C T /C 303 ) of the mean atomic neighbours' distances exhibits In general, thermal expansion of our glassy systems viewed from the local atomic structure perspective is highly anharmonic.
Conclusions
The modification of the atomic structure is before the crystallization more significant for 
